Eleven normal human temporal bone-eustachian tube (ET) specimens obtained from 11 individuals whose ages were 3 months to 88 years were studied to investigate the path length along the ET lumen and its postnatal development by means of a computeraided 3-dimensional reconstruction and measurement method. The path length of the ET lumen of the 3-month-old infant was 21.2 mm, and its growth was in correlation with age to attain its adult length (average, 37.00 ± 4.16 mm). The ratio of the length of the cartilaginous portion together with the junctional portion to the length of the bony portion was 8:1 in an infant at the age of 3 months and 4:1 in adults. That the bony portion of the ET develops relatively more than the cartilaginous and junctional portions may cause this finding. In addition, there is a developmental shift in the orientation of the cartilaginous portion with respect to the bony portion of the ET. In children, the cartilaginous and bony portions are both aligned with the line that connects the pharyngeal orifice and the tympanic orifice. In adults, however, the cartilaginous portion is angled inferiorly and laterally from the bony portion. This change may reflect the relative growth of the face.
INTRODUCTION
Immaturity of the eustachian tube (ET) has been implicated as an explanation for the high prevalence of otitis media with effusion in children. ' In a recent study, we reported that the shape of the lumen of the cartilaginous portion of the ET changes markedly during adolescence, from a flattened tube to a flattened funnel opening widely at the pharyngeal orifice. 2 However, to investigate the morphological difference between the ET in adults and that in children, we also must analyze the postnatal development of the path length of the ET.
There have been a number of previous studies that measured the length of the ET as the linear distance between the pharyngeal and tympanic orifices. [3] [4] [5] [6] [7] [8] [9] [10] However, because the course of the ET clearly is curved in adults, 11 the pharyngeal orifice-tympanic orifice distance is not the actual length. Further, the calculated 2:1 ratio between the length of the cartilaginous portion and that of the bony portion of the ET 10 ' 12 may be underestimated because of the curvature of the ET lumen in 3 dimensions.
This postnatal developmental study used computer-assisted 3-dimensional (3-D) reconstruction methods to analyze developmental changes in the path length of the ET lumen, defined as the curve that connects the midpoints of the lumen in virtual sections.
METHODS
The materials used for this study were 11 temporal bone-ET specimens obtained from 11 individuals whose ages were 3, 8, and 16 months and 4, 17, 28,38,70,70,71, and 88 years at death. None of the individuals had any known congenital anomaly or either a clinical history or histologie evidence of ear disease. We separated them into 2 groups: the child group (4 cases, ranging from 3 months to 4 years of age) and the adult group (7 cases, ranging from 17 to 88 years of age; mean age, 54.6 years). The specimens were fixed in 10% formalin, decalcified in 5% trichloroacetic acid, dehydrated in graded concentrations of ethanol, and embedded in celloidin. 13 After reference marks had been made in the celloidin blocks for 3-D reconstruction, the blocks were sectioned at
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Pharyngeal orifice-Tympanic orifice Axis 30 μτη in thickness, as close to perpendicular to the axis of the ET as possible. Every 40th section was stained with hematoxylin and eosin and prepared for light microscopic study. Additional section slides besides every 40th section were made for the part of the ET between the anterior margin of its junctional portion and the posterior margin of the bony portion to determine the exact location of both the junctional and bony portions along the entire ET. These histologie slides were then used for computer-aided 3-D reconstruction. The equipment used for reconstruction consisted of a personal computer (NEC PC-9801RL), a frame buffer (Sapience HyperFrame+) for full-color images, a digitizer (Hitachi HDG-1515; resolution, 0.1 mm), and a printer. With the software developed by Takagi and Sando, 14 modified by Fujita and Sando, 15 and revised by Sudo et al, 16 accurate reconstruction and measurement could be made of the ET in 3-D fashion. A detailed explanation of the reconstruction and measurement follows (Fig 1) .
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The ET lumen, the ET cartilage, and the temporal and sphenoid bones bordering the ET were reconstructed for each specimen. The initial step in the analysis of measuring ET length was identification of a line connecting the centers of the pharyngeal and tympanic orifices. The pharyngeal orifice was defined as the anteriormost section that contained a complete cross section of the mucosal lining of the ET; the tympanic orifice was defined similarly with respect to the anterior-superior margin of the tym-panic annulus. The center of each orifice was defined as the midpoint of a line perpendicular to the line connecting the superior and inferior margins of the lumen. This pharyngeal orifice-tympanic orifice line provides a standard axis for creating virtual sections through the reconstructed images and a headbased coordinate frame for analyzing changes in shape and orientation during development. The length of this line is defined as the pharyngeal orifice-tympanic orifice distance. The path length of the ET lumen was measured from a series of approximately 200 computer-generated virtual cross sections of the lumen ("virtual cuts") in a plane perpendicular to the pharyngeal orifice-tympanic orifice line. In virtual cross sections, we again defined the pharyngeal and tympanic orifices in the same manner as mentioned above. We defined the line between the centers of the pharyngeal and the tympanic orifices as the pharyngeal orifice-tympanic orifice distance of the ET. Then, the coordinates of the center of the lumen in each virtual cut, determined in the same manner as described above, were used to calculate the path length of the ET by applying the standard linear distance formula to successive points and summing these distances across the reconstruction.
With virtually cut cross sections, we performed reconstruction and measurement of the ET in its 3 portions: the cartilaginous portion, the bony portion, and the junctional portion, 16 which is located between the bony and cartilaginous portions and is surrounded in part by bone and in part by cartilage. However, those measurements were made in 2 parts -the cartilaginous portion together with the junctional portion as one part, and the bony portion as anotherbecause the ET cartilage surrounding the junctional portion of the ET is a part of the lateral lamina. As it is known that the lateral lamina is attached by the tensor veli palatini muscle (TVPM) and is believed to move away from the medial lamina of the ET cartilage to open the ET lumen when the TVPM constricts with deglutition or yawning, the lumen of the ET in the junctional portion may be opened also by the TVPM. One could regard the junctional portion, therefore, as a part of the cartilaginous portion from the viewpoint of ET ventilatory function.
RESULTS
The pharyngeal orifice-tympanic orifice distance and the path length of the ET lumen of the reconstructed specimens are summarized in the Table. The pharyngeal orifice-tympanic orifice distance of the ET, the path of the entire ET, the cartilaginous and junctional portions of the ET, and the bony portion of the ET had all reached adult length by 17 years of age. The changes in distance and length between 3 months of age and the youngest case in the adult group -17 years of age -are plotted: Fig where L is the length in millimeters, A represents neonatal length in millimeters, B is a magnitude parameter in millimeters, and C represents a rate constant for growth in years. For the bony ET, L = 2.54 + 4.58(1 -e _t/3 · 05 ), with a mean corrected r = .94, whereas for the cartilaginous and junctional ET, L = 18.6+ 11.2(1 -e-^2· 42 ), with a corrected r = .81. The rate constants for the two regions did not differ significantly, indicating that they grow at the same rate. However, a comparison of the neonatal length estimates (parameter A) and the growth magnitude parameters (parameter B) shows that the bony portion of the ET roughly triples in length during development, whereas the cartilaginous and junctional portions grow only to about 160% of neonatal length. The net result of this difference in relative growth magnitude is an age-related decrease in the ratio of the length of the cartilaginous and junctional portions to the length of the bony portion. That is, it changes from a ratio of 8:1 in infants to an adult ratio of 4:1 by 17 years of age (see Table and Fig 3) .
Nonlinear regression analysis also revealed that the pharyngeal orifice-tympanic orifice distance increases with age according to the relationship L = 19.6 + 13.9(1 -e-1 -"· 88 ), with a corrected r = .82. The corresponding relationship for the total length of the ET lumen was L = 21.2 + 15.7(1 -e^2· 63 ), with a corrected r = .86. Although the magnitude parameters indicate similar relative magnitudes of growth for the pharyngeal orifice-tympanic orifice distance (71 %) and the ET lumen path length (74%), the difference in rate constants indicates that the ET lumen continues to grow after the completion of growth of the pharyngeal orifice-tympanic orifice distance, which achieves its adult range at the age of 4 years. (The distance seems to grow gradually in Fig 2A, but statistical examination revealed that there is no significant growth in pharyngeal orifice-tympanic orifice distance after the age of 4 years.) As a result, the ratio of the path length to the pharyngeal orifice-tympanic orifice distance of the ET is greater in adults than in children (p < .01; see Table and t test for difference between path length and pharyngeal orifice-tympanic orifice distance). In other words, the ET lumen shows a greater deviation from the pharyngeal orifice-tympanic orifice axis in adults than in children.
The distance from the center of the ET lumen to the pharyngeal orifice-tympanic orifice axis is plotted in Fig 4 for both child and adult groups. Repeatedmeasures analysis of variance (between-groups factor, age [adult versus child], within-groups factor, percent distance from pharyngeal orifice) was performed on the measurements of every fourth virtual section from the series of 100 normalized sections. The analysis revealed significant main effects of both age (F[l,8] = 12.10; p < .01) and distance from the pharyngeal orifice (F[24,192] = 9.65; p < .01), and a significant 2-way interaction effect (F[24,192] = 1.99; p < .01). The main effect of age indicated that on average, the center of the ET lumen in adults is further from the pharyngeal orifice-tympanic orifice axis than in children. The main effect of the position of the section along the pharyngeal orifice-tympanic orifice axis (percent distance from the pharyngeal orifice) was also present when data from adults (F[24,120] = 9.49; p < .01) and children (F[24,72] = 2.98; p < .01) were analyzed separately, indicating that the distance of the center of the lumen from the pharyngeal orifice-tympanic orifice axis varied along the path length of the ET. In both children and adults, the most remarkable deviation was seen in the most posterior part of the cartilaginous portion of the ET.
DISCUSSION
This study, to our knowledge, provides the first quantitative assessment of the postnatal development of ET path length. Three-dimensional reconstruction methods illustrated several basic features of ET development. The postnatal growth of the pharyngeal orifice-tympanic orifice distance, the path length of the entire ET, the path length of the lumen of the cartilaginous and junctional ET segments, and the path length of the lumen of the bony ET segment Age (common log) could all be characterized by a similar exponential association relationship, L = A + B(l -e~t /c ), with A representing the neonatal length, B indicating the magnitude of growth, and C representing the rate constant. The rate constant for growth of the pharyngeal orifice-tympanic orifice distance was less than 2 years; the rate constant for the growth in the path length of the ET lumen segments was 2.5 to 3 years. Hence, the pharyngeal orifice-tympanic orifice distance reaches its adult dimensions earlier than the path length. That the pharyngeal orifice-tympanic orifice distance (axis) reaches the adult size range by 4 years of age correlates with the fact that the head circumference almost reaches its adult dimensions in the same time frame. 17 Because this finding simply indicates that the distance between the fixed end points of the ET is defined by skull growth, it is likely that the most important factor for the ET func- tion is not the pharyngeal orifice-tympanic orifice distance, but the path length.
The growth curve in Fig 2C for the cartilaginous and junctional regions of the ET indicates that the path length reaches approximately 98% of its adult length by 7 years of age. This finding is consistent with the previous report by Sadler-Kimes et al 18 that growth of the cartilaginous ET is negligible after 7 years of age. The same relationship holds for both the path length of the bony ET and the total path length of the ET. These findings indicate that major changes in the length of the ET are completed before a major remodeling of the cartilaginous portion of the ET after 10 years of age 2 that results in an increased height, width, and cross-sectional area of the ET lumen. Hence, ET development can be divided into 2 phases. The first phase (infancy to 10 years) is characterized by elongation of the ET but maintenance of a flattened tube lumen of the cartilaginous ET. In the second phase ( the lumen of the cartilaginous ET is remodeled to resemble a flattened funnel that opens into the pharyngeal orifice. The relative magnitude of the growth of the bony portion of the ET lumen was greater than the relative magnitude of growth of the cartilaginous and junctional portions. Whereas the bony portion triples in length during development, the cartilaginous and junctional portions only increase by a factor of approximately 1.6. As a result, there is a marked decrease in the ratio of the length of the cartilaginous and junctional portions of the ET to the length of the bony portion of the ET during development, from a ratio of 8:1 in infants to a ratio of 4:1 in adults. Previous researchers who reported the findings that the ratio of the cartilaginous portion to the bony portion is 2:1 10 · 12 might have included the junctional portion along with the bony portion, because the junctional portion of the ET is partly surrounded by bone. We found in this study that the junctional portion occupies approximately 7% of the path length of the ET, and when it was included with the bony portion, the ratio was 2.8:1 in adults.
The orientation of the reconstruction of the ET lumen in each specimen is normalized to an internal axis defined by the centers of the tympanic and pharyngeal orifices. It is not possible to reference these reconstructions to sagittal and horizontal planes of the head, because landmarks are not available in the specimens. However, assuming that the petrous apex that contains the bony portion of the ET exists on an approximately horizontal plane, an approximation of developmental changes in the location of the pharyngeal orifice can be obtained by rotating the reconstructions from both the adult group and the child group such that the bony portions of the ET and the tympanic orifices are aligned. This rotation suggests that the location of the pharyngeal orifice shifts on the average approximately 3 mm inferiorly and 3 mm laterally (with respect to this skull base coordinate frame) during maturation of both the face and the petrous apex. As an example of the lateral and inferior shifts of the pharyngeal orifice, Fig 5 shows the path of the midpoints of the ET of the 4-year-old case and the 28-year-old case viewed from 2 direc-tions. Note that the bony portion is oriented along the pharyngeal orifice-tympanic orifice line in the child. The growth and change in the orientation of the cartilaginous ET, however, results in a significant deviation between the pharyngeal orifice-tympanic orifice line and the bony ET in adults. It is suggested that the combination of this inferior shift of the cartilaginous ET trajectory and the expansion of the lumen during adolescence are factors that promote clearance of the middle ear. Further, the elongation and increased curvature of the ET would promote protection of the middle ear. These morphological changes, then, may contribute to the reduced incidence of otitis media with effusion after 7 years of age. 1 The path lengths of the ET lumen from our adult specimens are consistent with those from previous reports in the literature, which produced estimates ranging from 31 to 39.7 mm. 310 Minor discrepancies between our estimates and those of the previous studies may result from different definitions of the ET orifices, different methods of measurement, and the unavoidable 10% shrinkage of the specimens that is produced by histologie processing. 19 A systematic shrinkage artifact could produce a consistent underestimate of the length of the ET (and, hence, underestimates of the initial length and growth magnitude parameters for the exponential association relationships for growth curves, too). However, it should not affect either the rate constants, the ratio between the initial length and growth magnitude parameters (see below), or the statistical significance of the differences in deviation of the path length from the pharyngeal orifice-tympanic orifice axis. [In regard to said magnitude parameters, assume a 10% uniform shrinkage of the tissue. Let L designate the path length. Before processing, the growth of the path length is characterized by the relationship L=A + B( 1 -e _t/c ), such that A is the initial length, B is the growth magnitude, and C is the rate constant. After the processing shrinkage of 10% occurs, this relationship for the data becomes 0.9L = 0.9A + 0.9B( 1 -e"^). Note that the rate constant C is unaffected, and that the ratio of the initial length parameter (0.9A) to the growth magnitude parameter (0.9B) remains as A/B.]
